Objective-Matrix metalloproteinase (MMP) activity has been linked to abdominal aortic aneurysm (AAA) rupture.
T he natural history of abdominal aortic aneurysms (AAA) is expansion and rupture. Recent insights into the biological processes causing aneurysm expansion have led to translational research investigating the use of novel pharmacotherapeutic agents aimed at retarding aneurysm growth. [1] [2] [3] Any medical treatment of AAA must address aneurysm rupture as well as expansion. In contrast to the expansion of AAA, the biological processes causing aneurysm rupture have received little attention and current knowledge relating exclusively to the vascular biology of AAA rupture is lacking. Prospects for the development of pharmacological inhibition of aneurysm rupture therefore remain poor.
Aneurysm rupture was historically considered to be a simple physical process that occurred when wall stress from the circulation exceeded the tensile strength of the aortic wall. 4 Focusing on aortic wall stress as the cause of rupture has led to the view that aneurysm rupture was regulated solely by mechanical factors. Just as the complexity of the atherosclerotic plaque has become apparent, it is now recognized that AAA rupture is a multifaceted biological process involving biochemical, cellular, and proteolytic influences in addition to biomechanical factors. 5 Proteolytic activities of MMPs have been implicated in aneurysm wall weakening and rupture. [5] [6] [7] Previous work have demonstrated that high levels of MMPs-8 and MMP-9 were localized to aneurysm rupture edge in humans 5 and experimental studies in rats have shown that inhibition of MMP activity by tissue inhibitor of MMP (TIMP)-1 prevented aneurysm rupture. 6 The MMP family is closely involved in the process of neovascularization 8 and play key proangiogenic roles such as the proteolytic degradation of extracellular matrix (ECM) to facilitate endothelial cell migration during angiogenesis, 9 detachment of pericytes from microvessels undergoing angiogenesis, release of ECMsequestered angiogenic growth factors, 10 exposure of cryptic proangiogenic integrin binding sites in the ECM, cleavage of vascular endothelial-cadherin endothelial cell-cell adhesions and generation of promigratory ECM fragments. 11 The medial layer of the infrarenal human abdominal aorta, unlike the thoracic aorta, is not normally supplied by microvessels from the adventitial vasa vasorum. 12 Neovascularization of the medial layer is a consistent feature of established AAAs; 13 however, the role of this pathological angiogenic response in aneurysm rupture has never been investigated. 14, 15 As pathological neovascularization occurs in close spatial proximity to the collagen and elastin network of the aortic media, the expression of MMPs during such angiogenic response may lead to proteolytic disruption and degradation of aortic media. In view of these considerations, this study assessed the hypothesis that increased medial neovascularization is associated with aneurysm rupture. The extent of medial neovascularization and the gene expression of proangiogenic mediators were evaluated at aneurysm rupture edge and compared with the aneurysm wall at the level of rupture (3 cm away from the rupture edge) and with the anterior aneurysm sac of ruptured and non-ruptured aneurysms.
Methods

Sample Collection
This study was approved by the Local Research Ethics Committee and informed consent was obtained from patients. Twelve consecutive patients who underwent emergency open repair for ruptured AAA (rAAA) (10 males; mean age, 73; range, 61 to 82) were recruited. During aneurysm repair, the rupture site was identified and a strip of aortic wall including the aneurysm rupture site was carefully excised. Nine of the 12 rupture sites were posterior and 3 anterior. The edge of rupture was clearly identified in these strips of aortic wall and subjected to immunohistochemical and molecular analyses. From these strips of aortic wall, tissues at the level of rupture which were 3 cm away from the rupture edge were used as controls. As additional controls, a further strip of aortic wall from the anterior aneurysm sac was excised 2 cm distal to the left renal vein.
Anterior aneurysm sac biopsies (also 2 cm distal to the left renal vein) were similarly obtained from 10 patients who underwent elective open repair for nonruptured AAAs (nrAAA) (10 males; mean age, 75; range, 68 to 84). These nrAAA control tissues were used for immunohistochemical analysis only.
Tissue Processing for Immunohistochemistry
Specimens were cut into Ϸ50 mg fragments, embedded in OCT (Raymond & Lamb Ltd, UK) and stored at Ϫ80°C.
Tissue Processing for Molecular Analysis
Immediately after excision, samples were placed in RNALate (Ambion, UK). Samples were washed with RNALater to remove blood. Any adherent mural thrombus and excess adventitia were carefully dissected from the aortic wall and excluded from analysis. These samples were stored at Ϫ20°C until extraction of RNA.
Immunohistochemistry
OCT mounted tissue was cryosectioned (10 m) onto Superfrost charged slides (VWR International; Leuven, Belgium). Immunohistochemistry was performed with a labeled streptavidin-biotin method using antibodies to CD31 (Clone JC70A diluted 1:50; DAKO, UK), CD68 (Clone EBM11 diluted 1:50; DAKO, UK), ␣-actin smooth muscle (␣-SMA) (Clone 1A4 diluted 1:100; DAKO, UK) and ␣ v -integrin (Clone P2W7 [CD51] diluted to 8 g/mL; R&D Systems, UK). Clone P2W7 recognizes the integrin ␣V subunit, which forms heterodimers with ␤1 (CD29), ␤3 (CD61), ␤5, ␤6, and ␤8 integrin subunits. For each specimen, nonrelevant isotype-matched monoclonal negative controls and no primary antibody negative controls were also performed. Please see http://atvb.ahajournals.org for online expanded methods.
Double immunostaining was performed for CD31 and ␣-actin smooth muscle using DakoCytomation EnVision Doublestain system according to the manufacturer's protocol.
Morphometric Analysis
Microvessel counts of CD31-positive microvessels were made by light microscopy with ϫ400 objective (high-power field [HPF]) as adapted from previous published studies. 16, 17 Quantification of microvessel density (microvessels per HPF) was evaluated within the tunica media in cross-sectional profile. The medial layer was identified by abundance of ␣-SMA-positive smooth muscle cells. Please see http://atvb.ahajournals.org.
Quantification of degree of inflammatory infiltrate and ␣ v -integrin immunohistochemical staining was performed by a "semiautomatic" quantification technique 18 using the image analysis program National Institutes of Health Image (US National Institutes of Health).
Total RNA Extraction and cDNA Synthesis
The optimal tissue weight for RNA extraction was between 30 to 60 mg. Samples were ground to a fine powder in liquid nitrogen (LN 2 ) and total RNA was extracted following the manufacturer's protocol (RNeasy Fibrous Tissue RNA extraction kit; Qiagen, UK). The integrity of the extracted total RNA was confirmed using spectrophotometry and Agilent 2100 bioanalyzer. These samples were reverse transcribed using high-capacity cDNA archive kit (Applied Biosystems, UK) according to manufacturer's recommended protocol. The resulting cDNA mixture was stored at Ϫ80°C until further use.
Quantitative Real-Time Polymerase Chain Reaction
The mRNA levels of candidate angiogenic mediators (target genes) (supplemental Table I , available online at http://atvb.ahajournals. org) were determined by quantitative real-time-polymerase chain reaction (PCR) using TaqMan Gene Expression Assays (Assays-on-Demand Gene Expression Products, Applied Biosystems, UK), which have a FAM reporter dye at the 5Ј end of the Taqman MGB probe and a nonfluorescent quencher at the 3Ј-end of the probe. QRT-PCR was performed using an Mx4000 Multiplex Quantitative PCR System (Stratagene, UK).
Statistics
All data were reported as meanϮSEM. Differences in morphometric analyses were assessed using 1-way analysis of variance (ANOVA) for comparisons involving Ͼ2 groups and paired 2-tailed Student t test for comparisons of rupture edge to paired anterior sac or paired level of rupture. Bland Altman analyses were used to compare intraand inter-observer agreements on microvessel counts. The distributions of mRNA levels of all candidate angiogenic mediators were skewed and logarithmic transformation was used for normalization. Differences in mRNA expression of candidate angiogenic mediators were measured using repeated measures ANOVA. Correlation between mRNA levels of angiogenic mediators and microvessel density was determined by Pearson correlation coefficient test. A value of PϽ0.05 was considered significant.
Results
Medial Neovascularization
Overall, mean microvessel density in the medial layer was significantly increased (PϽ0.001) at rAAA rupture edge compared with nrAAA anterior sac, rAAA anterior sac, and rAAA level of rupture (Table 1 and Figure 1 ). No intramural hematoma was observed in the medial layer of tissue crosssections. The mean diameter of medial microvessels was significantly smaller (PϽ0.001) at rAAA rupture edge compared with nrAAA anterior sac, rAAA anterior sac, and rAAA level of rupture (Table 1 and Figure 1 ).
The majority of ruptures (nϭ9) occurred in the posterior aspect of aneurysm. To confirm that the differences in microvessel density and diameter were not merely the result of anatomic differences between posterior and anterior aneurysm wall, data were analyzed using only the subset of 9 posterior aneurysm ruptures ( Table 1) . Similar results were obtained in that mean microvessel density was increased (PϽ0.001) and mean microvessel diameter was smaller (PϽ0.0001) at the posterior rupture edges compared with posterior aneurysm wall biopsy samples from the level of rupture.
The recruitment of smooth muscle cells around nascent vessels is essential to the maturation of the primitive vascular network. 19 The maturity of microvessels was assessed by double immunostaining for the presence of CD31 and ␣-actin smooth muscle (a marker expressed by smooth muscle cells), as adapted from Cao et al. 20 Mature microvessels were defined as those demonstrating an outer smooth muscle cell coat. Both mature and immature microvessels were noted in the medial layers throughout the anterior aneurysm sac and rupture edge biopsies but overall, rupture edge biopsy samples demonstrated significantly less mature microvessels; microvessel maturity index (percentage of mature microvessels): rAAA anterior sac, 83.3Ϯ2.3% versus rAAA rupture edge, 47.6Ϯ5.4% (paired t test, PϽ0.001) (Figure 2 ).
Inflammatory Infiltration
Immunohistochemical staining also revealed a spatial correlation between medial neovascularization and inflammatory infiltration, of which most cells were monocyte/macrophages (identified by antibodies to CD68, data not shown) and lymphocytes (morphological appearance). However, the extent of inflammatory infiltrate in areas of medial neovascularization was not significantly different (Pϭ0.49) in all representative samples (Table 1 ).
Gene Expression Levels of Candidate Mediators of Angiogenesis
Normalized values for expression of proangiogenic mediators in the rupture edge, aneurysm wall at the level of rupture and anterior sac are summarized in Table 2 . The genes for ␣ v -integrin, vascular endothelial growth factor (VEGF), VE-Cadherin, monocyte chemoattractant protein-1 (MCP-1) and Vimentin were significantly upregulated at the rupture edge. No significant difference was observed for the gene expressions of transforming growth factor-1 (transforming growth factor-␤1), basic fibroblast growth factor, hepatocyte growth factor, VEGF receptor 2 (VEGFR2) or CD68.
Analyses were performed to determine if there was any correlation between microvessel density and gene expression of candidate proangiogenic cytokines. Tissues from rAAA anterior sac, rAAA level of rupture and rAAA rupture edge were used for these correlation studies. Microvessel density correlated positively with gene expression of VEGF (Pearson correlation coefficient r 2 ϭ0.349, Pϭ0.002), VE-cadherin (r 2 ϭ0.178, Pϭ0.01) and MCP-1 (r 2 ϭ0.198, Pϭ0.007) but not for the rest of the candidate proangiogenic cytokines (supplemental Table II ).
␣ v -Integrin Immunohistochemistry
Of the various proangiogenic mediators upregulated at the mRNA level, ␣ v -integrin was selected for quantitative assessment of protein expression. All 12 pairs of rAAA rupture edge and anterior sac were subjected to immunohistochemical staining with ␣ v -integrin. Figure 3A demonstrates that the percentage area fraction of ␣ v -integrin staining was significantly higher at the rupture edge: rAAA rupture edge, 5.57Ϯ1.27% versus rAAA anterior sac, 2.39Ϯ0.53% (Pϭ0.034). Within the anterior sac, ␣ v -integrin staining was mainly limited to weak staining of the vasa vasorum within the media and adventitia ( Figure 3B ). Using serially sectioned aneurysm rupture edge specimens, there was significant colocalization of ␣ v -integrin with CD31 and ␣-SMA on mature microvessels ( Figure 4A, 4B and 4C) . ␣ v -integrin also colocalized to areas of intense inflammatory infiltrate ( Figure  4A ) and with CD31 on immature microvessels that lacked outer smooth muscle cell coats (Figure 4D, 4E, and 4F ).
Discussion
This study has demonstrated that there were focal areas of increased medial neovascularization localized to aneurysm rupture edge, with a concomitant increase in gene expression of key angiogenic factors (␣ v -integrin, VEGF, VE-cadherin, MCP-1, and vimentin) and protein expression of ␣ v -integrin. The presence of small lumen and immature microvessels supported the notion of an ongoing active angiogenic environment at the rupture edge.
MMPs are essential participants during the angiogenic response. 8 Using similar methods of aneurysm rupture site and anterior sac biopsy samples, elevated concentrations of MMPs-8 and -9 at the rupture site compared with the anterior sacs of ruptured AAAs have previously been reported. 5 Immunolocalization studies have indicated that some MMPs produced in aneurysms were associated with proliferative microvessels. 13 Collectively, these earlier observations together with findings from the present study implicated a potential pathway for aneurysm rupture involving angiogenesis and its elaboration of MMPs. The localized elevation of these proteases in areas of active neovascularization may have a role in focal extracellular matrix degradation and AAA rupture. Indeed, experimental studies in rats have shown that inhibition of MMP proteolytic activity by TIMP-1 6 and plasminogen activator inhibitor (PAI)-1 7 had the potential to prevent aneurysm rupture. Previous investigations have demonstrated that there was no significant difference in the concentrations of MMP-1, -2, -3, -8, -9, and -13, and TIMP-1 and -2 between the anterior aneurysm sac of ruptured and non-ruptured AAA. 5 Similarly, this study demonstrated that there was no difference in angiogenic activity between anterior sac of ruptured and nrAAAs. Taken together, these data suggested that any factors predisposing to rupture were not ubiquitous within the aortic wall. Because there was no global change in proteolytic activity in ruptured and nrAAAs, mechanisms of aortic rupture were not easily defined from studies comparing wall tissue from ruptured and non-ruptured AAAs. Instead, data from the present study demonstrated the presence of microenvironments localized to aneurysm rupture edges where angiogenesis was increased and gene expression of angiogenic cytokines upregulated. This concept of microenvironments within aneurysms was also supported by Vallabhaneni et al, 21 who demonstrated heterogeneity of tensile strength and MMP activity in aneurysmal walls within patients, suggesting that that there were localized "hot spots" of MMP hyperactivity and discrete areas of weakened aneurysmal wall.
In contrast to previous observations that chronic inflammation in established AAAs was closely correlated with angiogenesis, 14 this study found that the increased medial neovascularization at aneurysm rupture edge was independent of inflammatory infiltrate. Therefore, the development of neovascularization at the rupture edge was likely to be more than a response to tissue injury.
This study reported that both mature and immature microvessels were present at aneurysm rupture edge and anterior sac, although rupture edge biopsy samples demonstrated increased density of small and immature microvessels. If one were to accept that the larger mature microvessels at the anterior sac, presumably at some stage, developed from small and immature microvessels, the absence of progression to rupture at this site presents a dilemma for the hypothesis that neovascularization plays a role in aneurysm rupture. However, as this was an observational study based on end-stage tissue biopsy samples, the temporal sequence of events surrounding the development of neovessels remains conjectural. Clearly, further studies are needed to provide insight into sequential pathogenic factors leading to aneurysm rupture.
Before molecular analysis, care was taken to macroscopically remove adherent mural thrombus and excise adventitia from specimens. Nevertheless, the possibility of including microscopic quantities of these layers during evaluation of gene expression cannot be excluded. This consideration therefore limited the interpretation of the regional origin of the various candidate genes studied. Another limitation of this study was the small sample size.
In conclusion, this study demonstrated localized increased medial neovascularization and overexpression of proangiogenic cytokines at aneurysm rupture edge. The issue of whether the observed increased angiogenesis was a causative factor in aneurysm rupture or simply a consequence of the disease process merits further experimental work. Ongoing work involves investigations into whether VEGF-induced angiogenesis has any influence on aneurysm rupture in angiotensin II-induced aneurysms in apoE Ϫ/Ϫ hyperlipidemic mice. The pathological features of this AAA model closely mimic human AAAs, although the localized medial dissection and accumulation of intramural hematoma that precede aneurysm rupture in this AAA model are not observed in human aneurysm rupture. Insights obtained from these experiments may open novel therapeutic avenues to prevent AAA rupture.
